Simplified HPLC protocols to determine the activity and linkage specificity and to detect the most commonly-encountered contaminants in available exoglycosidase preparations (Jacob and Scudder, Methods Enzymol., 230,280-300, 1994) were developed. Monosaccharides and oligosaccharides were analyzed in a single chromatographic step using high-pH anion-exchange chromatography with pulsed amperometric detection. All analyses were performed with underivatized oligosaccharide substrates and by direct injection of unprocessed, diluted enzyme digests into the chromatograph. The sialidase from Newcastle disease virus was found to release both a(2->3)-and a(2->6)-linked Neu5Ac from a triantennary, lactosaminetype oligosaccharide. The activity of a-galactosidase from green coffee beans was assayed using Gala(l->3)[Fuca(lar2)]Gal by detection of Gal and Fuca(l->3)Gal. The linkage specificities of /3-galactosidases from Streptococcus pneumoniae and bovine testis were assessed using Gal/3(l-*3 or 4)GlcNAc/3(1^3)/3(1^4)Glc as substrates. Contaminating /3-iV-acetylhexosaminidase activity in the /3-galactosidase preparation was assayed using an agalactobiantennary oligosaccharide. The a(l-»3 or 4) linkage specificity of fucosidase III from almond meal was confirmed (Scudder et al., J. Biol. Chem. 265, 16472-16477, 1990) by its inactivity against a biantennary oligosaccharide with all Fuc residues linked a(l-»6). An a-fucosidase from chicken liver was found to cleave a(l-»2,3 or 6)-linked Fuc residues from oligosaccharides. The activity of jack bean (Canavalia ensiformis) a-mannosidase was assayed with a relatively resistant substrate, Mana(l->3)-Man/3(l-^4)GIcNAc. A GlcNAc/3(1^4)-terminated triantennary oligosaccharide was used to assay for contaminating /3-N-acetylhexosaminidase activity in amannosidase preparations and to determine the linkage and branch specificity of /3-N-acetylhexosaminidase at different enzyme concentrations.
Introduction
Exoglycosidases have become indispensable reagents for the structural elucidation of glycoconjugates. Their strict anomeric specificity (in all cases), residue specificity (in most cases), and linkage specificity (in some cases) for terminal monosaccharide residues has been used to determine sequence and other structural features of oligosaccharides from glycolipids (for review, see Li and Li, 1979) and glycoproteins (for reviews, Kobata, 1979; Jacob and Scudder, 1994) . Their usefulness as analytical reagents is predicated on the absence of contaminating exoglycosidases, an understanding of their residue and linkage specificity, and the effect of the remainder of the glycoconjugate structure (e.g., the aglycon and substitutions on the penultimate residues). Most assays for exoglycosidase reactions have used p-nitrophenyl glycosides as substrates (Kobata, 1979; Li and Li, 1979) . However, determining linkage specificity and the effect of the carbohydrate chain requires analyses with oligosaccharide substrates. Further, certain exoglycosidases will not hydrolyze p-nitrophenyl glycosidases (Ogata- Arakawa et al, 1977) .
The action of exoglycosidases on an oligosaccharide substrate produces monosaccharides and the shortened oligosaccharide^). Methods for characterizing exoglycosidases using oligosaccharides have most often used substrates which are labeled at the reducing ends with either tritium (Kobata, 1979) or chromophores/fluorophores (Tomiya et al, 1987) . Using this approach, the released monosaccharide(s) cannot be determined in the same analysis, a measurement which would be useful for detecting contaminating exoglycosidases. Pulsed amperometric detection (PAD) with high-pH anion-exchange chromatography (HPAEC) has been used to analyze both underivatized monosaccharides and oligosaccharides from a single chromatographic run (Townsend, 1991) . HPAEC with PAD has been used to study the enzyme kinetics of exoglycosidases and glycosyltransferases using oligosaccharide substrates (Willenbrock et al, 1991) . HPAEC is particularly useful for determining the linkage specificity of exoglycosidases, as was demonstrated for the purification of almond emulsin fucosidases (Scudder et al, 1990) . In this report we have extended these previous studies by developing simplified protocols to determine the activity, purity and linkage specificity of available exoglycosidases, which are commonly used in structural studies. Unexpectedly, we found that the sialidase from Newcastle disease virus (NDV) released significant amounts of a(2-»6) Neu5Ac from branched lactosamine-type structures. We showed that an a-fucosidase from chicken liver had a broad specificity for fucosyl linkages.
Results and Discussion
During the course of our structural studies on the oligosaccharide chains of the gastric H + ,K T ATPase, a panel of exoglycosidases needed to be tested for purity and linkage Oxford University Press Table I ). The NDV sialidase digestion of this oligosaccharide, described under Materials and Methods, was diluted with 110 ix\ of water, injected (60 fi) into the chromatograph and analyzed as shown by the solid profile. The elution positions of mono-and di-sialylated biantennary. fucosylated oligosaccharides are indicated by the arrows at t, values of 24 and 31 min, respectively. The sodium acetate gradient is shown by the dashed line. The large peak with a I, ~ 9 min was present in incubations that did not contain substrate.
specificity. Figure 1 shows the high-pH anion-exchange (HPAE) chromatogram of a substrate containing both a(2^>3) and a(2-^6)-linked Neu5Ac, 1 (Table I) , after incubation with NDV sialidase. Using a substrate concentration of ~ 25 mM and 20 mU of the sialidase, the oligosaccharide was completely converted to products, as evidenced by the disappearance of the starting substrate peak, t r ~ 40 min (Figure 1 , dashed profile). If NDV sialidase released only a(2-»3)-linked Neu5Ac from 1, two products would have been formed, Neu5Ac and a di-sialylated triantennary oligosaccharide. Peak 2 co-eluted with Neu5Ac, and peak 4 eluted near a di-sialylated biantennary standard with both Neu5Ac residues in a(2->6) linkage (C2-224301.02)', indicated by the arrow at t, ~ 30 min. We have previously shown that HPAEC separates the three possible di-sialylated isomers which result from removal of a Neu5Ac residue from structure 1 (Table I) (Rohrer and Townsend, 1995) . The major, symmetrical peak, which represents the di-sialylated product (Peak 4), suggests that a single isomer results from the removal of the a(2-»3)-linked Neu5Ac from Branch III of 1 (Table I) , consistent with a previous study which showed the preferential release of a(2^3) linked Neu5Ac by NDV (Corfield et al., 1982) . Inconsistent with a strict linkage specificity are the two additional peaks, labeled as 1 and 3 (Figure 1 ). Peak 1 coeluted with the oligosaccharide product from an Arthrobacter ureafaciens sialidase digestion and with the expected asialo-triantennary oligosaccharide (C3-035300) (data not shown). We concluded that it represented the asialo-triantennary oligosaccharide. Peak 3 eluted in the 'mono-sialylated' region of the chromatogram. To increase the proportion of the di-sialylated product, we incubated 1 with 10-fold less enzyme. Although no detectable asialo-and mono-sialylated species were observed, only 20% of the substrate was converted to products (data not shown).
Sialidases from Newcastle disease (NDV), influenza A2, and fowl plague virus showed a marked preference for releasing a(2^3)-linked Neu5Ac and among these only NDV sialidase efficiently hydrolyzed a(2^8)-linked Neu5Ac (Corfield et al., 1982) . The relative rates of cleavage of a(2-»3) and a(2->6)-linked Neu5Ac varied considerably among the substrates tested. For example, NDV sialidase released a(2^>3)-linked Neu5Ac from sialyl lactose at an ~500-fold greater rate than Neu5Ac linked to the 6 position of the penultimate Gal residue; however, the relative rate of release from the substrates Neu5Aca(2^3 or 6)Gal/3(1^4)GlcNAc/3^Asn was only 30-fold greater. Subsequently Paulson and co-workers (1982) showed that NDV sialidase failed to release Neu5 Ac from Neu5Aca(2^6)Galj8(1^4)GlcNAc~ or from Neu5Aca(2->6)GalNAc~. The glycopeptides from human a, acid glycoprotein were then treated with NDV sialidase and analyzed by 'H NMR. The signals from a(2^>3)-linked Neu5Ac disappeared and those from the a(2->6) sialic acid remained (Paulson, 1982) . The authors concluded that NDV sialidase possessed a strict specificity for the hydrolysis of a(2^3)-linked Neu5Ac. The results herein show that NDV sialidase readily released a(2-»6)- 
Man|3( 1 -4)GlcNAc/3( 1 -4)GlcN Aclinked Neu5Ac from branched AMinked oligosaccharides. A possible explanation is that a(2-»3)-linked Neu5Ac is efficiently removed by NDV sialidase; but, there was also a slower release of the a(2->6)-linked Neu5Ac which was not detected in the NMR experiments (Paulson et ai. 1982) . We concluded that NDV sialidase has only relative specificity in the hydrolysis of a(2-»3)-and a(2^6)-linked sialic acid from branched AMinked glycans. An a-galactosidase that releases terminal a(l-»3)-, a(l-»6), and a;(l^>4)-linked Gal residues (Courtois and Petek, 1966; Anstee, 1972) from oligosaccharides is present in green coffee beans (Courtois and Petek, 1966; Harpaz and Flowers, 1974) . We determined the activity of the agalactosidase preparation by incubating the enzyme with the B trisaccharide (Table I, 2) in citrate phosphate buffer. The digest was then directly analyzed by HPAEC-PAD after an 8-fold dilution into water. Figure 2A shows the analysis of the substrate, as indicated by the dashed profile. This trisaccharide, 2, was completely digested in 18 h to give Gal (t T = 12.7 min) and another major peak (t T = 16.2 min) which we concluded was Fuca(l-»2)Gal~. The quantitative release of Gal was unaffected by substitution of the neighboring hydroxyl group with a Fuc residue, which confirms the previous observation that this enzyme removes the terminal Gal from the blood group B epitope (Harpaz et ai, 1975) .
One of the final steps in the purification of a-galactosidase is affinity chromatography on A'-epsilon-a-D-galactopyranosylamine coupled to Sepharose and then elution with either Gal or an a-D-galactopyranoside (Harpaz and Flowers, 1974) . A commonly associated contaminant is (3-galactosidase, which can be removed using hydrophobic interaction chromatography (Jacob and Scudder, 1994) . We analyzed for /3-galactosidase by incubating 10-fold more a-galactosidase with lacto-A / -neo-tetraose (Table I, 3). Figure 2B shows that the elution position of the substrate (dashed profile) was not significantly affected by incubation with the a-galactosidase (solid profile). The difference in t, of the treated and untreated tetrasaccharide may be due to the salt in the enzyme digest or chromatographic variability. These two possibilities can be distinguished by analyzing a mixture of the two preparations as described below for a-fucosidase ( Figure 5 ). This procedure was not done in this experiment since Gal was not observed ( Figure 2B ), confirming the absence of detectable /3-galactosidase activity in this preparation. Most j3-galoactosidases cleave y3(l->3) and (3(1->6) linkages more slowly than /3(1->4)-linked Gal (discussed in Kobata, 1979 ). An exception is the /3-galactosidase from bovine testes which readily cleaves (l-»3 or 4) Gal linked to either GlcNAc or GalNAc (Distler and Jourdian, 1973) . Figure 3A shows that when a Gal/3(1-»3)-terminated tetrasaccharide, 4 (Table I) , was incubated with bovine testicular /3-galactosidase, the substrate peak disappeared, a peak which co-eluted with Gal and a less retained product peak (r r ~ 10 min) appeared. A parallel incubation of this tetrasaccharide with the /3-galactosidase from Streptococcus pneumoniae, which does not cleave /3(l^>3)-linked Gal ( Glasgow et aL, 1977) , resulted in no release of monosaccharides (data not shown). As expected, this enzyme preparation released Gal from the ;3(1-»4)-terminated tetrasaccharide, 3 ( Figure 3B ). We also confirmed the inability of bovine testicular )3-galactosidase to release Gal from oligosaccharides with Fuc linked to the penultimate residue (Gal/3(l->3 or 4)[Fuca(1^3 or 4)]GlcNAc-), as has been shown for other /8-galactosidases (Harrap and Watkins, 1970; Arakawa et ai, 191 A) . We found neither a change in the elution position of the trisaccharide, Gal/3(l-»4)[Fuca(l->3)]Glc~, nor the appearance of a Gal peak after incubation with the enzyme (data not shown).
Bovine testicular /3-galactosidase is purified by a series of ammonium sulfate precipitations, an acetone fractionation and then affinity chromatography on thio-/3-galactopyranosyl-agarose (Distler and Jourdian, 1973) . Contamination with /3-hexosaminidase occurs if it is not completely separated from the /3-galactosidase during the acetone fractionation step. We tested this preparation for contaminating /3-hexosaminidase activity by incubating an agalacto-biantennary oligosaccharide (C-004300) with bovine testicular /3-galactosidase. The elution position of the substrate was unaffected and no GlcNAc was detected (data not shown). We also found that this preparation was free of a-galactosidase activity, since the elution position of the B trisaccharide, 2, was not affected by enzyme treatment (data not shown).
Many of the a-fucosidases display linkage specificity (discussed in Kobata, 1979 and Scudder et al, 1990) . For example, the three a-fucosidases that have been purified from almond meal, I, II and III, have been shown to release, respectively, a(l-^3,4), a(l^>2), and a(l->3,4)-linked Fuc residues from oligosaccharides. Figure 4 shows the analysis of the a-fucosidase III digest of the tetrasaccharide which contains one terminal a(l-H>3)-linked Fuc residue (Table I, 5). The substrate that eluted at 5 min (indicated by the dashed line profile) was completely converted to a later eluting peak (t T = 15 min) and Fuc (t r = 3.2 min). From the absence of a Gal peak and the much later elution of the oligosaccharide product (Hardy and Townsend, 1989) , we assigned the t T = 15 min peak to )() Fucosidase III from almond meal was purified by a series of chromatographic steps, the last using affinity chromatography on iV-(5-carboxy-l-pentyl)-l,5-dideoxy-l,5-imino-Lfucitol-Affi-Gel. We tested the preparation for other activities by incubating the asialo-biantennary oligosaccharide, 6, with the a-fucosidase III. As shown in Figure 4B , the elution position of the substrate was unaffected and no new peaks appeared in the 'monosaccharide region' of the chromatogram (t r < 4.0 min). These results confirm the previous report (Scudder et al, 1990 ) that this fucosidase does not release Fuc from the 6 linkage position and is free of /3-galactosidase activity.
The purity and specificity of chicken liver fucosidase was examined using oligosaccharide substrates containing Fuc linked either a(l-»2,3 or 6). We incubated this fucosidase with the asialo-biantennary oligosaccharide which contained a Fuc residue linked a(l-»6) to the chitobiose core, 6 (Table I) . Since lactosamine-type oligosaccharides which are substituted with Fuc at the reducing GlcNAc, have similar elution positions (Spellman, 1990) , we added the starting substrate to an aliquot of the digest prior to HPAEC-PAD analysis. Figure 5A shows that this admixture contained three major peaks, a, b, and c. Two, a and b, co-eluted with Fuc and substrate 6 (as shown by the dashed profile), respectively. We concluded that the most retained peak, c, was the de-fucosylated product. To determine whether this fucosidase was active toward a(l->3)-linked Fuc residues, we incubated 5 with the enzyme. Figure 5B shows that the chicken liver fucosidase released a(l->3)-linked Fuc and converted the substrate into the more retained peak which was observed upon incubation of the same compound with fucosidase III ( Figure 4A ). We also found that the chicken liver fucosidase preparation efficiently released a(l-»3)-linked Fuc residues from 3-fucosyl lactose (data not shown). The activity of this fucosidase toward a(l-*2)-linked Fuc residues was tested using the A trisaccharide, 7. Under the conditions described, the trisaccharide (t r = 4.8 min) was completely converted to GlcNAca(1^3)Gal~ (f r = 6.4 min) and Fuc (t T = 3.0 min), using isocratic elution with 100 mM NaOH (data not shown). Thus, this fucosidase cleaves a(l-»2,3 or 6)-linked Fuc residues from oligosaccharide substrates.
The a-mannosidase from jack bean meal cleaves a(l->3) linkages much more slowly than either a(l->2 or 6)-linked Man residues (Li and Li, 1972) . We tested for activity by incubating the enzyme with the trisaccharide, Mana(l->3)-Man/3(l^>4)GlcNAc, 8 (Table I) . As shown in Figure 6 , two products were observed, Man, as indicated by the arrow and a later eluting peak (t r ~ 7 min), which we concluded was Man/3(l^>4)GlcNAc. Although the enzyme requires Zn ++ (Snaith and Levvy, 1968) , additional cation was not added to the digest. The purification scheme for a-mannosidase can result in contamination with f3-Nacetylhexosaminidase, which can be removed by either treatment with pyridine (Li and Li, 1972) or by hydrophobic interaction chromatography (Jacob and Scudder, 1994) . To test for /3-/V-acetylhexosaminidase activity, we incubated a-mannosidase with the agalacto-triantennary oligosaccharide, 9 ( Table I ). The elution position of the starting substrate remained unchanged and no GlcNAc was detected upon analysis using HPAEC-PAD (data not shown).
The substrate specificity of /3-yV-acetylhexosaminidase from Streptococcus pneumoniae is dependent both on linkage and the substitution of other monosaccharides on the penultimate residue (Yamashita et al, 1981) . This enzyme efficiently cleaves GlcNAc/3(l-»2)Man termini of N-linked oligosaccharides if the Man residue is not substituted with GlcNAc at the 6 position (Yamashita et al, 1981) . GlcNAca(l->4)Man end groups are cleaved much more slowly, and this latter specificity is affected by the chitobiose core (Yamashita, 1983) . We incubated an agalacto-triantennary oligosaccharide (Table I, 9) with enzyme concentrations that were reported to accentuate these specificities of the enzyme (Yamashita et al, 1981 (Yamashita et al, , 1983 . The top trace of Figure 7 shows that three product peaks are present in the digest at the lower enzyme concentration (5 mU/25 /x\). The first peak, a, closely eluted with GlcNAc and peak b with standard Man 3 GlcN Ac 2 . The most retained product peak did not co-elute with an agalacto-biantennary standard (C-004300) 1 which had a retention time of ~7 min. From this result and the above-cited linkage specificity of the ^-hexosaminidase, we tentatively assigned peak c to a trimannose core with a terminal /3(l->4)-linked GlcNAc residue. Upon incubation with a 4-fold higher concentration of /3-hexosaminidase, Man 3 GlcNAc 2 and GlcNAc were the major products (Figure 7 , middle trace). These results illustrate the utility of HPAEC-PAD for determining the optimal enzyme concentration for structural studies of oligosaccharides.
In summary, we have shown that unprocessed exoglycosidase digestions can be analyzed for both released monosaccharides and oligosaccharide products in a single chromatographic analysis. Using characterized oligosaccharides and HPAEC-PAD, we have used this approach to develop simplified protocols to determine the activity, purity and linkage specificity of available exoglycosidases which are commonly used for structural analysis. . HPAEC-PAD analysis of digests of fucosidase III from almond meal. The incubation (10 pil) of compound 5 with the fucosidase, as described under Materials and Methods, was diluted with water (190 ftl) and 150 ^tl was injected into the chromatograph. In A, the substrate (dashed profile) and the digest (solid profile) were eluted isocratically using 100 mM NaOH. The elution position of Fuc is indicated by the arrow. The digest of oligosaccharide 6 was similarly diluted and analyzed using the linear acetate gradient shown in B.
Materials and methods

Materials
Glass distilled water was used for the preparation of all buffers and eluants. Sodium hydroxide, as a 50% solution, was from Fisher Scientific. Newcastle disease virus sialidase, chicken liver fucosidase, almond meal fucosidase III, a-mannosidase, and a-galactosidase were from Oxford GlycoSystems, Abingdon, UK). Sialidase from Arthrobacter ureafaciens, /3-/V-acetylhexosaminidase and /3-galactosidase were obtained from Boehringer Mannheim (Indianapolis, IN). The tri-sialylated triantennary oligosaccharide, 1, (Table I ) was a gift from Dionex Corporation (Sunnyvale, CA). Trisaccharides A (7) and B (2) 3-fucosyl-lactose and a di-mannosyl compound (8) were from BioCarb AB and can now be obtained from Accurate Scientific (Westbury, NY). Lacto-yV-neo-tetraose (3) and Lacto-JV-tetraose (4) were from Accurate Scientific (Westbury, NY). A fucosylated tetrasaccharide (5) ) and asialo-biantennary (6); the agalacto-tnantennary (9); and the trimannosyl core (C2-00230) oligosaccharides were from Oxford GlycoSystems (Abingdon, UK).
Exoglycosidase digestions
Sialidases
The sialylated triantennary oligosaccharides were dissolved in water to a concentration of 25 pmol/mL. The NDV sialidase (20 mU) was reconstituted in 20 ix\ of sodium acetate (20 mM, pH = 5.0). The oligosaccharide was incubated with NDV sialidase (20 jtl) in the sodium acetate buffer (30 /x.1) for 18 h at 37°C in a final volume of 90 ixh. A unit of NDV sialidase activity was defined as the amount of enzyme which hydrolyzes a /xmole of Neu5Aca(2->3)Gal/3(l->4)Glc~ per minute at pH 5.5 and at 37°C. A unit of Anhrobacter ureafaciens sialidase activity was defined as the amount of enzyme that will hydrolyze 1 /xmol of sialyl lactose per min at pH = 5.0 and at 25°C.
a-Galactosidase
Two nanomoles of B trisaccharide (Table 1, 2) were incubated for 18 h at 37°C with coffee bean a-galactosidase (50 mU) in sodium citrate phosphate buffer (100 mM, pH = 6.0) (Courtois and Petek, 1966) . The final volume was 50 ju.1. To test for contaminating /3-galactosidase activity, two nmol of lacto-/V-neo-tetraose (Table 1,3) were incubated for 18 h at 37°C with a 10-fold greater amount of a-galactosidase (500 mU). A unit of activity was defined at the amount of enzyme which will hydrolyze 1 /xmol of p-NP-a-D-galactopyranoside per minute at pH = 6.5 and at 37°C.
fi-Galactosidases
Lacto-N-tetraose (Table I, 4) (250 pmol) was incubated for 18 h at 37°C with bovine testicular /3-galactosidase (15 mU) in sodium acetate buffer (50 mM, pH = 5.0) (Distler and Jourdian, 1974) . The final volume was 50 II\. A parallel incubation with 1 nmol of the tetrasaccharide (3) and Streptococcus pneumoniae /3-galactosidase (4 mU) was prepared with the same buffer and volume. A unit of activity was defined as the amount of enzyme which will hydrolyze 1 /imol of p-NP-/3-D-galactopyranoside per minute at pH = 4.3 and at 37°C. One nanomole of 3-fucosyllactose was incubated with bovine testicular /3-galactosidase (15 mU) for 18 h at 37°C in a final volume of 50 /x\. To assay for /3-N-acetylhexosaminidase activity, 1 nmol of an agalacto-biantennary oligosaccharide (C2-00430) was incubated with /3-galactosidase as described above.
a-Fucosidases
Two nanomoles of 5 (Table I ) was incubated for 36 h at 37°C with almond meal fucosidase III (5 /xU) in a sodium acetate buffer (50 mM at pH 5.0) (Scudder et al, 1990) . The final volume was 20 fi\. Two nanomoles of the asialo-biantennary, core fucosylated oligosaccharide (6) were incubated with chicken liver a-fucosidase (50 mU) in water in a final volume of 70 fil. After 18 h at 37°C, 0.5 nmol of the starting substrate was added to an aliquot of the digest (~ 18 til). Two nmol of the fucosylated tetrasaccharide (5) were incubated with the chicken liver a-fucosidase as described above for oligosaccharide 6. A unit of chicken liver a-fucosidase activity was defined as the amount of enzyme which will hydrolyze 1 /xmol of p-NP-a-L-fucopyranoside per minute at pH = 6.0 and at 37°C. A unit of activity of (-fucosidase III was defined as the amount of enzyme which will release 1 /xmol of Fuc from Gal/3(l-*3)[Fuca(l-^4)]GlcNAc/3(1^3)Gal/3(1^4)Glc~ per minute at pH = 5.0 and at 37°C.
a-Mannosidase
Two nanomoles of the Man 2 GlcNAc trisaccharide (8,) were incubated for 18 h at 37°C with jack bean a-mannosidase (20 mU) in a sodium acetate buffer (50 mM, pH = 5.0) (Li and Li, 1972) . The final volume was 50 /AI. A unit of activity was defined as the amount of enzyme which will hydrolyze 1 ptmol of p-NP-a-D-mannopyranoside per minute at pH = 4.5 and at 37°C.
fi-Hexosaminidase
Two nanomoles of an agalacto-, triantennary oligosaccharide 9 were incubated for 18 h at 37°C with either 5 or 20 mU of Streptococcus pneumoniae /3-hexosaminidase in a sodium acetate buffer (50 mM, pH = 5.0) (Yamas- 
Monosacchande and oligosaccharide analyses
Exoglycosidase digests were analyzed using HPAEC-PAD as previously described (Hardy and Townsend, 1994) except that the acetate-containing eluant was prepared using acetic acid (Anumula and Taylor, 1991) . Eluants 1,2,3, and 4 were water, 200 mM NaOH, 100 mM NaOH, and 0.5 M sodium acetate, pH 5.5, respectively. A CarboPac PA1 column (4 x 250 mm) was used for all analyses. Monosaccharides and di-through tetrasaccharides were analyzed using isocratic elution with either 16 mM NaOH or 100 mM NaOH, respectively. For larger neutral oligosaccharides, the column was equilibrated in 100 mM NaOH (E2,50%) and 10 mM sodium acetate (E4, 2%). After 5 min. a linear gradient of sodium acetate, to a limit concentration of 125 mM over 55 min, was used to elute the oligosaccharides. The sialylated oligosaccharides were eluted with a linear sodium acetate gradient to a limit concentration of 250 mM over 60 mm. The pulsed amperometnc detector sensitivity was set to 300 nA (attenuation full scale) and the pulse potentials were as follows: El = 0.05 V, (, = 480 msec (Range 2, position 5), E2 = 0.6V, t 2 = 120 msec (Position 2); E3 = -0.6V, r 3 =60 msec (Position 1). The time constant was set to 3 sec. Data were collected and analyzed using the Dionex GlycoStation software and chromatographic profiles were exported as 'X.Y' data files using the 'Optimize' module in the software.
